Abstract: Biogas production is a growing market and the existing conversion technologies require different biogas quality and characteristics. In pursuance of assisting decision-makers in biogas upgrading an environmental decision support system (EDSS) was developed. Since the field is rapidly progressing, this tool is easily updatable with new data from technical and scientific literature through the knowledge acquisition level. By a thorough technology review, the diagnosis level evaluates a wide spectrum of technologies for eliminating siloxanes, H 2 S, and CO 2 from biogas, which are scored in a supervision level based upon environmental, economic, social and technical criteria. The sensitivity of the user towards those criteria is regarded by the EDSS giving a response based on its preferences. The EDSS was validated with data from a case-study for removing siloxanes from biogas in a sewage plant. The tool described the flow diagram of treatment alternatives and estimated the performance and effluent quality, which matched the treatment currently given in the facility. Adsorption onto activated carbon was the best-ranked technology due to its great efficiency and maturity as a commercial technology. On the other hand, biological technologies obtained high scores when economic and environmental criteria were preferred. The sensitivity analysis proved to be effective allowing the identification of the challenges and opportunities for the technologies considered.
Introduction
The necessity to find sustainable resources that assist initiatives to reduce global warming is paramount. One of the most challenging issues is the replacement of fossil fuels in order to reduce greenhouse gas (GHG) emissions. There are already some directives, such as the Biofuels Directive (2015/1513) (European Parliament, 2015) , promoting the use of renewable biofuels within the European Union (EU) Member States, aiming to minimize the dependency on oil-based fuels. In this context, biogas form many landfills and wastewater treatment plants (WWTP) is being collected and used as a renewable fuel to obtain energy [1, 2] .
EDSS have been developed in the last years to assist decision-making processes [34] as a result of the need to cope with the difficult systematization of these elements and complexities all at once [35] . Several models have been developed, specially devoted to wastewater management, though focusing in completely different objectives and some tools are already available to select, for instance, the best wastewater treatment alternatives for specific cases [37, 38] . The construction of an EDSS depends on the type of problem and knowledge that may be acquired. Several methodologies can be found in the literature [39, 40] although most of them in the environmental domain have in common some steps for any kind of EDSS deployment: (1) determine stakeholders, decision makers, and modelers; (2) develop the problem; (3) collect/analyze data; (4) select the convenient model; and (5) implement and validate the EDSS.
In the biogas field, Billig and Thrän (2016) developed a multi-criteria analysis tool that evaluates complex technical and economic issues regarding biomethane production from biomass. On the other hand, Estrada et al., (2012) [41] developed a sensitivity analysis evaluating technology designing parameters and commodity prices for odor abatement technologies. They reported that biological technologies showed lower sensitivity and operating costs than physical/chemical technologies. Nevertheless, there is a lack of tools to systematize the decision-making process to help decision-makers to select biogas upgrading treatment alternatives.
Hence, the objective of this work is to present the knowledge-based EDSS to support the selection of the most convenient technologies to remove specific pollutants from biogas (i.e., siloxanes, H 2 S, CO 2 ) and convert it into a feasible fuel for each application. Moreover, this paper aims at describing the operation of the EDSS and its validation in a real case study as well as evaluating its sensitivity towards the used technical, economic and environmental criteria.
Methodology

EDSS Operation
Knowledge and Data Acquisition Level
The knowledge and data acquisition level requires the key information (data and knowledge), aiming to define the problem for proposing an objective decision. In that sense, this level includes the data introduced by the EDSS user to define the scenario regarding raw biogas characteristics, i.e., biogas flowrate and composition ( Figure 1 "Raw biogas"). Table 1 . Concentration limits of each compounds according to quality requirements of different energy conversion systems [13, 16, 22, 42, 43] . ICE: internal combustion engine; PAFC: phosphoric acid fuel cell; SOFC: solid oxide fuel cell. Depending on the final exploitation of biogas selected by the EDSS user, the quality requirements regarding CH 4 , siloxanes and H 2 S composition are defined (Figure 1 "Biogas use") according to the requirements of the technology manufacturers, summarized in Table 1 . The EDSS user defines the prioritization of different criteria (Figure 1 "Criteria definition") in other to obtain a technologic solution based on user's criteria.
ECS
Finally, this level includes an exhaustive scientific and technical literature revision (Tables S1-S3 in the Supplementary Materials) of the technologies capable of removing the target compounds (siloxanes, H 2 S and CO 2 ). The knowledge uploaded in this level is the fundamental data base for choosing the suitable technologies in the diagnosis level ( Figure 1 "Knowledge").
The technologies considered in this level are summarized in Table 2 , and they can be manually and easily incorporated in the EDSS knowledge level if new technical and scientific data is available, as well as new treatment technologies come up. 
Diagnosis of Treatment Technologies Level
This level is the responsible for carrying out a pre-screening of the feasible technologies to be applied to each pollutant according to their removal efficiencies. Based on the data and knowledge previously acquired, the removal efficiencies that can be achieved by each technology are calculated according the final use of the biogas and their requirements (Figure 2 ). Only the technologies that meet the effluent application requirements are considered in the following level (supervision) using rule-based methodology [7, 9, 14, 36] .
Cryogenic separation
Separation by decreasing temperature below -55 ºC to liquefy CO2. Chemoautotrophic upgrading Bioconversion of CO2 to CH4 by hydrogenotrophic methanogens providing an external H2 injection.
Photosynthetic upgrading
Biomass fixation by eukaryotic microalgae and cyanobacteria, helped by the electrons released during water photolysis.
In situ desorption Separation by stripping away the CH4 in a desorption unit taking advantage of the higher solubility of the CO2.
Diagnosis of Treatment Technologies Level
This level is the responsible for carrying out a pre-screening of the feasible technologies to be applied to each pollutant according to their removal efficiencies. Based on the data and knowledge previously acquired, the removal efficiencies that can be achieved by each technology are calculated according the final use of the biogas and their requirements (Figure 2 ). Only the technologies that meet the effluent application requirements are considered in the following level (supervision) using rule-based methodology [7, 9, 14, 36] . 
Knowledge-based Supervision Level
The objective of this level is to evaluate, based on the multi-criteria analyses, the technologies preselected in the diagnosis level. The EDSS users must select their preferred criteria (objectives) and give them a weight based on own preferences: environmental, economic or technical. The total weight should come to 100 ( Figure 1 ).
This level applies a fuzzy logic methodology to measure a Rating (R) for every criterion and the consequent Score (S) for each one of the feasible technologies. The data available to calculate the 
Knowledge-Based Supervision Level
The objective of this level is to evaluate, based on the multi-criteria analyses, the technologies preselected in the diagnosis level. The EDSS users must select their preferred criteria (objectives) and give them a weight based on own preferences: environmental, economic or technical. The total weight should come to 100 (Figure 1) .
This level applies a fuzzy logic methodology to measure a Rating (R) for every criterion and the consequent Score (S) for each one of the feasible technologies. The data available to calculate the rating for every criterion is either qualitative or quantitative depending on the existing technical and scientific literature of every technology. When qualitative data is available, the rating is distributed according to Figure 3 , where the most favorable scenario receives the highest rating.
rating for every criterion is either qualitative or quantitative depending on the existing technical and scientific literature of every technology. When qualitative data is available, the rating is distributed according to Figure 3 , where the most favorable scenario receives the highest rating. Fuzzy logic methodology easily permits to implement a categorization based on human reasoning (very high, high, medium, low, and very low), and consequently a numerical value is assigned. When quantitative data for a given criterion is available, the rating is calculated according to Equation 1 . In these cases, 10 points over 10 are given to the most appropriate technology (Ri = 10), 0 to the most unfavorable one (Ri = 0) and a normalization process is applied to calculate the rating Fuzzy logic methodology easily permits to implement a categorization based on human reasoning (very high, high, medium, low, and very low), and consequently a numerical value is assigned. When quantitative data for a given criterion is available, the rating is calculated according to Equation (1) . In these cases, 10 points over 10 are given to the most appropriate technology (R i = 10), 0 to the most unfavorable one (R i = 0) and a normalization process is applied to calculate the rating of the technologies with intermediate values for that criterion.
where: Thus, considering the rating obtained in each criterion and the weight given by the user, the total score for each technology in the multi-criteria analysis is calculated by Equation (2) as the sum of the rating multiplied by its given weight.
where:
• S(X), is the score calculated by BiogasApp_EDSS for a technology X; • W i , is the weight given to one criterion ( Figure 3 ); • R(x) i , is the rating obtained in the criterion; • n, is the total number of criteria considered.
Considering the weight that the user gives to every operation unit, the combination of H 2 S, siloxane, and CO 2 technologies, plus pre-treatment when required, BiogasApp_EDSS gives the flow diagram. The user interface allows the BiogasApp_EDSS to interact with the user and analyze the response given generating if-then scenarios, i.e., change the criteria weights, the influent flow and concentration, the effluent quality required, or a combination of those, to get an integrated assessment.
Case Study Validation
A conventional urban WWTP from the Barcelona metropolitan area (Barcelona, Spain) was chosen as real case-study to test the results generated with the BiogasApp_EDSS. This facility treats the wastewater from ca. 135,000 equivalent inhabitants and collects the biogas generated by the anaerobic digestion of the sewage sludge produced. Gas flowrate and composition values for the raw biogas are gathered in Table 3 . Currently, in this facility three C65 microturbines (Capstone Turbine Corporation) are being used for electricity production, generating 60% of the electric power consumed in the whole WWTP. The facility is currently using activated carbon adsorption filters to remove siloxanes, with a prior pretreatment to remove humidity. The BiogasApp_EDSS was run to study the most appropriated raw biogas treating technologies for this case of study considering the quality requirements gathered in Table 3 for this ECS considering equally capital expenses (CAPEX), operating expenses (OPEX), removal efficiency (RE), and the stage of development of the technologies criteria.
Case Study Sensitivity Analysis
Every singular user of the BiogasApp_EDSS may give different importance to economic, environmental and operational criteria in the decision-making. According to this particularity, the user gives a relative weight to every criterion and obtains a ranking of the alternative treatment technologies. Sensitivity analysis is used to evaluate the influence of the weight repartition in multi-criteria analysis over the ranking of technologies obtained. Therefore, the influence of economic, operational, social and environmental criteria can be fully asset by the K-B decision support.
In the initial scenario proposed (i: Section 3.2) the total weight (100) is equally split among the four criteria considered. Next four alternative scenarios (Table 4 , a-d) were created doubling the weight (referred as scenarios +100%) of one criterion (25 × 2) respect the initial scenario and splitting the residual weight among the other criteria (50/3). The last four scenarios (Table 4 , a'-d') were obtained halving the weight (referred as scenarios −50%) of one criterion (25/2) and splitting the rest among the others (87.5/3). Thus, when running the BiogasApp_EDSS at different scenarios the importance of the user's sensitivity can be evaluated. Table 4 . Given to criteria selected to run the case-study validation (i) and the sensitivity analysis (a-d'). 
Criteria
Results and Discussion
BiogasApp_EDSS Evaluation
The BiogasApp_EDSS was used to study the technologies that can be applied to treat the case-study raw biogas (Table 3) . Flowrate (110 m 3 h −1 ) was used by the tool as the first filter for discarding those upgrading technologies that require higher volume of biogas. Technologies getting past this filter are plotted in Figure 4 , where the bubble size depends on the removal efficiency: the bigger the bubble the higher the efficiency. The rating of the criteria plotted in this example are CAPEX and OPEX, where higher values indicate lower costs. study raw biogas (Table 3) . Flowrate (110 m 3 h −1 ) was used by the tool as the first filter for discarding those upgrading technologies that require higher volume of biogas. Technologies getting past this filter are plotted in Figure 4 , where the bubble size depends on the removal efficiency: the bigger the bubble the higher the efficiency. The rating of the criteria plotted in this example are CAPEX and OPEX, where higher values indicate lower costs. In the case of siloxanes ( Figure 4A ), four technologies can be used with the gas flowrate of the case study. Adsorption onto activated carbon is one of the technologies with the highest overall removal efficiency, although it has a limited efficiency for small siloxane molecules, such as hexamethyldisiloxane [49] . However, the frequently required replacement of the exhausted adsorbent beds [24] increase the operational costs associated, obtaining a score of just 5 in OPEX criterion. Inorganic adsorbents [45, 50] are not only more expensive than activated carbon, but also the lifespan of the adsorbent bed is shorter, which considerably increases the OPEX (2.5 points). In the contrary, biotrickling filters have much lower operation costs compared to AC, obtaining a score of 10. Therefore, biotrickling filter is the most suitable technology in terms of economic criteria obtaining the highest score among the available technologies. However, its capacity of removing siloxanes would be as high as 40% due to a scarce mass transfer from gas to the liquid phase [46] . Further research is required for enhancing this biological technology towards siloxanes. On the other hand, the low score that membranes receive indicate not only significant operational (2.5 points) and investment costs (0 points) but also lower RE than adsorption processes (60%) at the current stage of development of this technology [47] .
When it comes to H2S abatement ( Figure 4B ), there is a wide spectrum of technologies that can cope with the flowrate provided. In terms of removal efficiency, the best alternative identified by the BiogasApp_EDSS is the microalgae-based technology, which has been reported to remove 100% [29] . In situ precipitation with iron salts is the technology with the lowest CAPEX (10 points), but relatively high OPEX (0 points) due to the demand on chemical substances. Membranes and absorption technologies are the overall lowest punctuated technologies, since they require high investment and operational costs. H2S removal biotechnologies, such as biotrickling filter (BTF) and microaerobic In the case of siloxanes ( Figure 4A ), four technologies can be used with the gas flowrate of the case study. Adsorption onto activated carbon is one of the technologies with the highest overall removal efficiency, although it has a limited efficiency for small siloxane molecules, such as hexamethyldisiloxane [49] . However, the frequently required replacement of the exhausted adsorbent beds [24] increase the operational costs associated, obtaining a score of just 5 in OPEX criterion. Inorganic adsorbents [45, 50] are not only more expensive than activated carbon, but also the lifespan of the adsorbent bed is shorter, which considerably increases the OPEX (2.5 points). In the contrary, biotrickling filters have much lower operation costs compared to AC, obtaining a score of 10. Therefore, biotrickling filter is the most suitable technology in terms of economic criteria obtaining the highest score among the available technologies. However, its capacity of removing siloxanes would be as high as 40% due to a scarce mass transfer from gas to the liquid phase [46] . Further research is required for enhancing this biological technology towards siloxanes. On the other hand, the low score that membranes receive indicate not only significant operational (2.5 points) and investment costs (0 points) but also lower RE than adsorption processes (60%) at the current stage of development of this technology [47] .
When it comes to H 2 S abatement ( Figure 4B ), there is a wide spectrum of technologies that can cope with the flowrate provided. In terms of removal efficiency, the best alternative identified by the BiogasApp_EDSS is the microalgae-based technology, which has been reported to remove 100% [29] . In situ precipitation with iron salts is the technology with the lowest CAPEX (10 points), but relatively high OPEX (0 points) due to the demand on chemical substances. Membranes and absorption technologies are the overall lowest punctuated technologies, since they require high investment and operational costs. H 2 S removal biotechnologies, such as biotrickling filter (BTF) and microaerobic oxidation, are interesting solutions in terms of OPEX, where they both obtained 10 points, while demonstrating high removal efficiencies [16, 18, 29] . Figure 4C shows the technologies capable of separating CO 2 obtaining methane-rich effluents. The technologies considered in the figure obtain ca. 97% of CH 4 in effluent composition, hence the same bubble size for each one [12, 27, 28] . Therefore, economic criterion is used for choosing the best candidate, which in this case is pressure swing adsorption, showing the highest scores for economic criteria, while cryogenic separation is still an expensive technology.
Case Study Validation
The composition of the biogas mixture generated in the case study WWTP is described in Table 3 . The energy cogeneration installation of the WWTP is equipped with three CR65 microturbines (Capstone Turbine Corporation), which biogas quality requirement is presented in Table 1 . Accordingly, siloxane removal is the priority treatment that must be taken into consideration. The system was firstly run giving the criteria defined as initial scenario in Table 4 . The treatment technologies suggested by the EDSS are gathered and ranked in Table 5 with their final scores and effluent siloxane concentration calculated. Technologies with neither rank number nor total score did not accomplish the pre-screening requirements to be feasible for this case study: fluidized bed adsorption, scrubbing, and deep chilling are appropriated for plants generating flowrates starting at 500 m 3 h −1 . By contrast, BTF and membranes cannot obtain the effluent requirements for the installed microturbines (0.03 mg m −3 ) although they can work at the indicated flowrate. In this event, adsorption is the technology that passed the pre-screening. Activated carbon was the overall best-ranked adsorbent, which corresponds to the treatment applied in the WWTP for siloxanes removal.
In the criterion "stage of development", adsorption onto AC obtained the highest score since it is the technology most widely used at industrial scale nowadays. Other technologies currently used in lower magnitude are deep chilling and membranes, while the rest of the reviewed technologies are still under development at a lab scale or pilot scale stage [1] .
Regarding removal efficiencies, inorganic adsorbents (zeolites or silica gel) are close competitors to AC as porous materials for siloxane removal, however few studies have been published so far. Silica gel showed higher performance than zeolites [45, 51] , which are more expensive. Consequently, OPEX are higher when dealing with this type of adsorbents over AC, as previously discussed. High removal efficiencies are reported for fluidized bed adsorption and absorption in organic solvents [29] but are still not widely implemented.
It needs to be highlighted that activated carbon filters require pre-treatment when raw biogas is saturated with water because the presence of humidity notably reduces the adsorption capacity, and so the lifespan of the adsorbent material [44] . The BiogasApp_EDSS can relate siloxane adsorption into AC with the presence of moisture in the biogas and alert that a pre-treatment step is required to apply this technology. However, since no weight was given to the "pre-treatment necessity" criterion, its need did not affect the final score of the technology. Overall, the BiogasApp_EDSS proposed treatment matched the technology applied in the case-study facility.
Case Study Sensitivity Analysis
Sensitivity analysis was performed to study the influence of the user over the score obtained for three siloxane removal technologies: Adsorption on activated carbon, adsorption on inorganic adsorbents and biological removal through biotrickling filters. Although BTF did not reach the effluent concentration required for microturbines, it was considered in the sensitivity analysis to explore the advantages and disadvantages of biological vs. adsorption technologies.
This evaluation enables not only to consider different kind of criteria but also to give them a range of importance to identify the key criteria and facilitate a decision-making adjusted to user's preferences. To do so, weight of every criteria was modified as described in Table 4 and compared to the original Table 5 . The score obtained by the considered technologies in every scenario are shown in Figure 5 .
adsorbents and biological removal through biotrickling filters. Although BTF did not reach the effluent concentration required for microturbines, it was considered in the sensitivity analysis to explore the advantages and disadvantages of biological vs. adsorption technologies.
This evaluation enables not only to consider different kind of criteria but also to give them a range of importance to identify the key criteria and facilitate a decision-making adjusted to user's preferences. To do so, weight of every criteria was modified as described in Table 4 and compared to the original analysis in Table 5 . The score obtained by the considered technologies in every scenario are shown in Figure 5 . Figure 5 . Scores resulting from the sensitivity analysis in the scenarios described in Table 4 for selected siloxane removal technologies (activated carbon, inorganic adsorbents and biotrickling filter).
Activated carbon adsorption is the best-ranked technology in the initial scenario, i.e. when the same weight is given to every criterion. This technology has the maximum score in "Stage of development" criteria, since it has been largely investigated. Removal efficiency is another strength of this technology, even though some siloxane molecules are not retained for long time in activated carbon filters. In the contrary, removal efficiency and stage of development are the main drawbacks of BTF, since biological removal of siloxanes is not a mature technology yet. Table 4 for selected siloxane removal technologies (activated carbon, inorganic adsorbents and biotrickling filter).
Activated carbon adsorption is the best-ranked technology in the initial scenario, i.e., when the same weight is given to every criterion. This technology has the maximum score in "Stage of development" criteria, since it has been largely investigated. Removal efficiency is another strength of this technology, even though some siloxane molecules are not retained for long time in activated carbon filters. In the contrary, removal efficiency and stage of development are the main drawbacks of BTF, since biological removal of siloxanes is not a mature technology yet.
Nonetheless, when economic criteria are concerned, BTF obtains the highest OPEX score, being the highest ranked technology in scenario b. Therefore, the biological removal of siloxanes through biotrickling filters is a promising technology under development that might overcome adsorption on activated carbon in the short term if further research is carried out. Moreover, the combination of inert packing material (commonly used in BTF) together with activated carbon might be an interesting solution to be explored in future work. This new technology might reduce the high OPEX of AC alone and increase the removal efficiency of the BTF.
AC filters and BTF can be used for removing siloxanes and H 2 S separately. The possibility of eliminating both pollutants in one hybrid operation unit could be also regarded by the EDSS. However, there is no data available, so far, concerning the removal of both target compounds in the same unit.
Conclusions
To the best of the authors' knowledge, this work presents the first EDSS developed for the biogas upgrading field. The present paper presents and describes the development of an EDSS for biogas treatment in WWTPs for its conversion into heat and energy, and further upgraded into biomethane for grid injection or vehicle fuel. This tool is intended to be easily updated with new bibliographic data, since many technologies are still under research.
The EDSS was validated for siloxanes' removal within a real case-study and demonstrated to be a useful tool in the decision-making process since the treatment technology proposed matched the one applied in the facility. The EDSS allowed the user to anticipate the effluent concentrations, and through a wide range of environmental, economic and technical criteria, analyze numerous scenarios and parameters simultaneously according to the preferences. The sensitivity analysis performed allowed the identification of key criteria for the differentiation of the several technology alternatives proposed. For instance, activated carbon filters are preferred when low concentrations of siloxanes are desired. However, when sustainability concerns are considered as well as economical criteria, biotechnologies are potential technologies.
